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From Flames

A Summary of the work

of the International

Flame Research Foundation

By R. A, Sherman

A unique example of international co-operation
is given in the program of research on radiation
from flames in industrial furnaces that is being
conducted at the Royal Netherlands Blast Fur-
nace and Steel Works. Financial support and
direction came first from the Netherlands,
France, and Great Britain. The countries have
now been joined by Belgium, Sweden, the
United States, and the High Authority of the
European Community of Coal and Steel. This
paper outlines the organization of the work, the
experimental facilities, the methods of research,
and presents the outstanding results on the effect
of the variables studied on flame radiation.
These variables have been the type of fuel oils
or coke-oven gas, the rate of heat input, the type
and rate of supply of atomizing agent, the type
of burner, the excess of air, the type and amount
of carbureting agent for gas, and the temperature
of the combustion air. Of these several vari-
ables, the C/H ratio of the oil and gas fuels and
the mixing conditions most markedly affect the
emissivity and the radiation of the flames. The
results point to the need for further knowledge
of the relation of the radiating characteristics of
flames to the rate of heat transfer to "work” in
furnaces. The research has now been extended
to include the use of pulverized coal.
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FIGUR=Z 1 VIEW QF THE LABORATORY

In recognition of the need for greater
knowledge of the transfer of heat by radiation
from flames in 1ndustrial furnaces, Prof, J, E,.
de Graaf, then director of research, The Royal
Netherlands Blast Furnace and Steel Works, inle -
tiated, shortly after World War II, an experia
mental program of research to fill this need,

A tunnel furnace fired with a flame one fourth

the linear dimensions of an open<hearth flame

was buillt at the Idmulden, Holland, plant by

Prof, de Graaf and experimental work was started,
Within a short time, word of the research reached:
France and England where it aroused considerable
industrial interest, and arrangements were soon
made whereby the indusiries of those countries .
were enabled to contribute both to the financial -
support and to the planning and execution of the
experiments and to the analysis and publication
of the results,

As early as 1951, interest from the United
States was demonstrated, and in 1952, under the
leadership of Prof, Hoyt C. Hottel of The Masge
achusetts Institute of Technology, an American
Committee was formed for co-operation in the
research, This committee has since been active
in financial support of the program and in re-
viewing the results of the work, Sweden and
Belgium have Joined and the High Authecrity cof
the European Community of Coal and Stmel in 1955
made a major financlal contribution to the supe
port of the work,

The story of this unique example of interw~
national coe-operatione-unique because 1t was the
result of spontaneous activity on the part of o
sclentists and engineers without governmental
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action-<has been widely publicized in England
and France, dbut, with the exception of a few
notes and a brief paper by Prof, Thring (1),

no ocomprehensive acoount of the objectives,
method of operation, or of the results has been
published in the United States, This paper aims
to furnish this aoccount,

ORGANIZATION

In November, 1955, the International Joint
Committee for Flame Radiation, prior to that time
a rather informal and loosely knit organization,
was formalized by its registration in Holland as
the International Flame Research Foundation, Its
objectives are the attainment of knowledge and
experience on the combustion of gaseous, liquid,
and solid fuel, in particular as the oombustion
aims at the heating of materials and the plaocing
of that kmowledge and experience at the disposal
of others for further development and industrial
application, The Foundation is of the not-fore
profit type and is required by its ocharter to
apply its income and property solely toward
the promotion of its stated objectives,

The President of the Foundation, who had
been from the beginning the chairman of the Joint
Committee, is the eminent Prof, G, M, Ribaud,
noted French physicist, and recently retired
as direoctor of research for the gas industry of
France,

The General Superintendent of the research
program is Prof, M, W, Thring, formerly Head of
Physics Department, British Iron and Steel Re-
searoh Associlation, and since 1953, Head of Fuel
Technology, Sheffleld University,

The governing body of the Foundation is the
Joint Committee made up of two or more representa-
tives of each national committee, The present
membership of the Joint Committee is as follows:

-P, Coheur, Professor,
National Metallurgical
Research Center, Lilege

Belgium:

G, A, Hombs, Professor
of Metallurgy, Universities
of Mons and Brussels

Raymond Cheradame, Director
General, Research Center,
Coal Industry *-. France,
Paris and Verneuil

France:

1 Numbers in parentheses refer to the
Bibllography at the end of the paper,

Henri Malcor, President,
French Institute for Iron
and Steel Research, Paris

0, A, Saunders, Professor,
Imperial College of Scilence
and Technology, London

Great Britain:

D. T. A, Townend, Director
General, British Coal Utili-
zation Research Association,
Leatherhead v

J. E, de Graaf, Professor,
Technological University,
Delft, and Technical Ade"
visor, Royal Netherlands
Blast Furnace and Steel -
Works, IJmuiden =

Netherlands:

J., 0, Hinze, Professor, _
Technological University,
Delft ot

0., G, Hammar, Prgtéséor,
University of Gdteborg -

Sweden:

F, S, Bloom, President,
Bloom Engineering Company,
Pittsburgh, Pennsy;vania

Amerioca:

E. @, Chilton, Researah De-
partment, Shell 01l .Company,
Emeryville, California

Ralph A, Sherman, Technical
Director, Battelle Memorial
Institute, Columbus, Ohio
(Alternate: Bertrand A,
Landry, Paris Branch, Bate
telle Memorial Institute)

In addition, Professor Rivaud, Professor
Thring, and P, A, H, Elliot, General Secretary,
are nembers of the Joint Committee,

The Joint Committee holds meetings several
times a year to decide on general policies, A
Technical Advisory Committee, and special com-
mittees on Aerodynamics, on Pulverized Fuel, on

Burners, on Furnaces, on Instruments, on Editing,
and on Finances, bring to the planning and analysis
of the work the best availlable talent for each
phase,

The National Committees are autonomous and
can obtain their financial support and can se-



2, _
Gex ordlyns B - ¥
s _: 35«
J . WE |35
—= 2% $
33 :§§i g E
i§y “3 ;
¥ . s
e § x 2
"= “ Store- "__
Pumg pradecier
room ingirunants fmr_. -
g et L

&L

.

Foul ks

‘T‘(‘”ﬁﬁ?‘““"
i e

—

FGURE 2. PLAN OF LABORATORY

lect their membership in any way that each group
nAy decide proper, The financial contribution
from each country may be suggested by the Joint
Committee dut the final decision is made for it-
20lf by esach National Comaittse,

Although the original aonception of the
work was in a steel company and the experiaental
furnacd was intended ¢o have & ressonabls simtlar-
ity to an open<hearth steel furnace, the research
is of such a basic nature that interest ind sup
port have come not only from the steel industry,
but alse from other sources inoluding the boiler
and fusleequipaent manufacturers. the glass ine
dustry, the cement induatry, and from the ocoal,
petroleum, and gas industries,

The exesution of the work at Tdmulden i3 in
charge of s Principal Investigttor who was first
British, then French, and is now, agsin British,
The Joint Committee has for some time also paid
for the services of anothsr investigator, Dree.
sently British, to sork with Professor Hammar in
Sweden on the fitting out 6f & nev experimentsl
furnace with cold walls at Goteborg, For the
main experiments at IJunuiden, in whish 30 to L0
mnen have been required for several weeks, in=
vestigators are furnished from co-operating com-
panies in the several countries, Noraally, their
sslaries and traveling expenses are dorne by
their employers; thus, there are, in addition
to the cash gontributione, sudstantial contri.
butions “in kind,"

Seversl oconpanies and ssscciationa in
England, Prances, and Holland have independently
carried on research on flame radiation to supe
plement or to complement the worx at IJuuiden,
Much of the information so obtained has dbeen
nade aveiladle to the Joint Committes or pul-
1ished sepirately in the literature,
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FIGURE 3 PLAN AND SECTIONAL ELEVATION OF GAS OR Oil. FURNACE

As desorided below, the expenditures in
the last three years for new facilities and
equipment have been heavy, but the $5€,000 costs
in 1955 are expected to be the last major exe
penditures of a Iapital nrnature, The total cost
of the experimental furmaces and equipmenti rnow
available at IJmuiden was approximately $200,000,
The operating ocoots in 1955 pald dy the Joint
Committee were approximately $64,000, and the
contributions "in kind" amounted to adout $25,000,

EXPERIMERTAL FACILITIES

The original expsrimental furnace and tests
ing facilities installed dy the Royal Netherlands
Steel Vorks were used from the start of the work
through 1953 for a series of seven sets of for-
mal testa and much supplementary irnvestigation,
Since then, a new furnice for the gas and oil
studies, housed in a permanent special duilda
ing 65 x 79 ft, has been avallable, The bullda
ing houses alsv rooms for ges analysis, instru.
ments, fuel pumps, and supplies. In an attached,
partly enclosed structurs is a plant for the
preparation of pulverized coal, and at one side
is an air preheater,

Pig, 1 is a view of the laboratory.
ahows the plan of the bullding,

Pig, 3 shows a plan and elevation of the
gas or o1l furnace which is of the same size
and shape as the original furrace,

It i{» essoentislly square in transverse vertioal
section, 6.1/2 x 6.1/2 rt, and adbout 20 ft long
from the ourner to the furnace exit, The furnace

Pig. 2

i3 lined with a highe-grade sillimanite refractory
enclosed with insulating refraoctory and Jjacketed
in a steesl casing,

The gas or oll burners are installed on the
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Atr for combustion 1s supplled by blowers, -
The alr preheater, fired with blast-furrace gas,
can heat the alr to 1380 F, All rates of flow
of fuel and alr are closely controllable and are
measured and recorded, Fig, 5 is a view of the
instrument room showing the many recorders,

The range of heat input to the oil and gase
riped furnace has been 4 to 10 million Btu per
hr, or approximately 4600 to 11,500 Btu per cu
ft<hr,

In addition to the experimental furnaces
described there is available at IJmulden a smaller-
scale water-cooled furnace ﬁhich was designed,
constructed, and operated for several years by
the Royal Dutch Shell Company at 1%s Delft Ree
search Laboratories, Alzo a one.fi1f%th ﬁcale

PIGURE 5 INSTRUMENT ROOM OF IJMUIDEN LABORATORY

center axis of the furnace at the nose of the
"dog house", Secondary air 1s normally admitted
at low velocity through ports in the walls at
either side of the burner; mixing 1s by diffuslon,
Air also can be admitted around the burner if de-
gired,

Fig. 4 shows plan and vertical sectlons of
the second recently completed furnace designed
especlally for burning pulverized ocoal, It 1s
of similar construction but is only 4 ft 11 in,

x 5 ft 2 in, 1n transverse vertical section and

18 34.1/2 rt long. Doors are provided oh one side
at the bottom for removal of ash, Thls furnace
oan be equipped with internal water cooling for
the purpose of increaslng the thermal load and
thereby simulating a steam boller,

model of each of the fuel-fired furnaces has been
constricted of transparent plastic; these are
used to study mlxing pavterns of fuel and air,

EXPERIMENTAL METHODS

To ohtain data on the radlating characters
1s8tics of the flames, which 1s the principal oba
Jectlve of the research, a serles of ports in the
form of vertical slots 1s provided in one wall
of each furnace, By an ingenlous arrangement,
the radlo-meters can be moved up or down for a
vertical traverse of the flame and the ports can
be closed to avold inleakage of air,

Thres types of radliometers have been built
and used, . One consists of a thermoplle mounted

neat Available Copy



~./
on the end of a witerecucled tube wrich contains
a series of diaphragms to limit the field of view
of the therwopile, The second type uses a fixed.
focus rhodium-plated mirror to reflect the ra.
dazion onto a thermopile, A third type 1s based
on this samre principle dut 1is designed to mea.
sure radiation from two sources simultaneously,
Elect»ically heated, tubs or sphere furnaces
are used at freguent intervals for purposes of
calibration of the radiometers,

In the wall oppoaite that through which the
thermopilcs ars inserted is & vertical water-
cooled slot, When the radiomster is sighted
through the flama at this lou~tezperaturs sur-
face, the radiation fromn the flaxze alone is re-
ceived, By turning the radiometer through a
small angle, it is sighted through the flame one
to the opposite refractory wall in whioch a thermo-
couple at the inner surface msasures the temperae
ture, By the method developsd dy Schmidt (2),
the emmisivity of the flame may be calculated
a3 followus:

ew B Rz 4 Re
Rs

Wrere ¢ 18 the emigeivity of the flame and Ry 1is
the radiation zsasursd from the flame alene, Rp
is that from the flams and hot refractory wall,
and R, is the rediation of the wall alone as
caloculated from the observed temperature assuming
an emissivity of the wail of unity, This 13 a
simple arithmetical relation inasmuch as

y
R1 -0 e Tt

Y
Rz - dQTr + (1-.) R3

)
R,-GTV
where ¢ is the 3tefan.Boltzmann sonstant and T
and T are the absolute temperatures of the
fltno‘nnd Wall, respecti.ely,

Then

n

n & 4
g .'Tr -d .Tt - (1-.) dTv +£v

becomes

which reduces to e, Having derived e, one obe
viously can derive a flame temperaturs as

This derivation assuznes that the factor (lee)
{3 egual to the transaissivity, This ia true
only for gray flames, It is true for nongray
flames, such as nonluminous flames, only when
the temperature of the wall is agual to the
texperature of the flame whiah 1s not usually
true, Hencs, the emlssivities and teumperaturas
of the flames derived in this way can be cone
sidered only appraximate,

In addition to these readings, observations
of the flame ars made with a 4disappearing-fila-
ment type of optical pyrometer, gas temperatures
are measured by velocity thermooouples, and the
Zases are sampled and analyzed for the usual
constituents &nd for water vapor and solid econe
tent, In some tests, waterecooled heat-flow
meters, the face of which i & corrugated ataine
lass-steel disk of about le.1/2 in.dism, have
been irnstalled irn the walls, The rate of heat
absorption is measured by the temperature grade
ient in the steel diak, Air blown ascross the
face of the digk 11 designsd to prevent transe
fer of heaat to the disk by conveetion, GBased
on essentially the same principle of measuresent
of the rate of heat gpgorption by the tempera.
ture gradient, snother instrument has desn
used for the study of convection 4n the flame,

Igoause of the high degree of ingenulty
that has gone into the development of the
various inatruments used in this work, it s
regretted that, in the intereat of brevity,
descriptions must be omitted, The reader who
is interested is referred to the British and
Prench publications of the work that are oited
in the references,

PLAN OF EXPERIMENTS

Tvo general classes of tests have besen made:
{a) "performance” or "industrial" tests, and (b)
“ocombustion mechanism” or "sclentific" tests,
The purpose of the performance tests is to dee
teruine the effects of certain variables, suoch
a8 tyre of ruel, type of durner, type of atome.
izing agent, degree of mixing of air, excess of
air, or rate of heat input upon the radiating
characteristics of the flame, It is to te ex-

pected that the results of such tests can be
immediatel;y applicable in industrial furnaces,
Seven serles of performance tests, sach series
consisting of many separate tests, had been com-
pleted through 1955,
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FIGURE 6. FOUR OIL BURNERS USED IN PERFORMANCE TEST 2

The purpose of the combustion-mechanism tests
18 to examine a few flames in considerable de.
tail, Por esxample, the rate of mixing and the
appearance and disappearances of carbon in the
flame are studied both longitudinally and laterally
and, by measuring the radiation of small elements
of the flames, an attempt is made to relate the
carbon content and the radiating characteristios
of the flame, Only two series of these tests
have been made,

The factorial method of planning the ex-
periments has been used in all series of tests,
Thus, in a serles of tests of five variables,

32 separate tests were so selected as to give
all combinations of high and low values of each
variable from which not only the effect of the
high and low levels could be obtalned but also
the interaction of the several varlables,

The data have been analyzed statistically and
the oonfidence level of each derived data point
has been calculated, As the tests were run
through two shifts, with the third shift being
used to make necessary adjustments to equipment,
the tests have been s0 planned as to enable a
calculation of the effects, if any, of the three
teams of men used to obtain the dAuta,

Variables Investigated

Table 1 summarizes the variables that have
been investigated in the seven serles of perfor-
mance tests and the two serles of combustlion=
mechanism tests that had bheen made up to the end
of 1955, A total of ten varilables has been
studied, In some series, only one varlable was
studied at mseveral different values or levels; in
the first series, the effects of five different
variables were determined, Those factors that
were used as variables in each series are de-

TAELE 2 CHAVAIDIITICN OF FULS
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FIGURE 7. SETUP FOR MEASURING THRUST OF BURNERS

slgnated by a heavy border around the applicabdle
blocks,

As one of the most important factors that
govern the radiation from the flame, the type
of fuel has been subject to intensive investilgatlon,
both as single fuels of different types and as
mixtures,

Characteristics of Fuels Used BT

Table 2 presents data on the ocharacteristios
of the fuels that have been used In the tests,

Although complete data are not given for
all fuels on the same basis, the data do give a
picture of the class of the fuels, The olls are
from the Middle-East fields, Shipments obtained
varied somewhat in viscosity, in Conradson car-
bon, and C/H ratio. The light fuel o1l would be
classed in the U, 3, as a No, 2 oll,

The 2reatote-pltch was stated to be a blend

of the opprsotu 'J fr (t} of coal tar bolling

r\f" t\’élg
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betwsen 535 and 680 F and the pitch, the resie
Que above the latter temperature, The ratios
used have been 50-50 and 40 per cent creosote
01l and 60 per cent piteh, The creosote oil
used alone was, from its boiling range, a slightly
lighter fraoction than that sald to have been used
in the dlend,

The coke-oven gas was that from the ovens
at the steel plant used for the produetion of
blastefurnace coke,

Burners Used

Fig, 6 shows four of the burners used in
the series of tests of burners, They include
external mixing and internal mixing both at the
front and the back,

The o1l was supplied to the burners at
pressures slightly above those of the atomizing
agent, Air or steam was supplied at a pressure
of 10 to 100 psi as required by the amount of
atomizing agent used, Early in the work, the
amount of atomizing agent was expressed as the
ratio of the weight of the agent to that of the
fuel, Because one of the most important effects
of the rate of supply of atomizing agent appeared
to be that on the rate of mixing of the fuel and
ailr, in test series 3 and following, the thrust
of the burner when feeding fuel and atomizing
agent was measured, Fig, 7 shows the arrangement
by which the thrust was measured, The burner
was suspended by three wlres and a wire attached
to the lower part of the burner passed over the
pulley to support a pan on whigh welghts were
Placed to balance the thrust, It was possible
to measure the thrust within 20 g in a total of
1000 g, or 2 per cent, The thrus. 1s taken as
a measure of the momentum of the jet, a most
important factor in the mixing of the fuel and
alr,

Fig. 8 shows the type of burner used for
gas alone or for gas with oil, The raw gas
issued from the row of ports around the central
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FIGURE 9. RADIATION FROM FLAMES OF RESIDUAL OIL AND
BLEND OF 40 PER CENT CREOSOTE OIL, 60 PER
CENT PITCH

Performance Test No. |

oll-burner negzle, A speclal replaceable plate
vas made for the gas ports to facilitate changing
the thrust while maintaining the same dellivery

of gas, Alr or oxygen could be supplied through
the outer row of ports,

HIGHLIGHTS OF RESULTS OBTAINED

Because of the great number of data obtained
from the research over the years, no attempt will
be made in this paper to present more than cera
tain highlights, The interested reader can cone
sult the published British and French papers for
the detalls, -

Effect of Type of Fuel on Radiation from Flame
Flg. 9 shows data obtained from the first
scries of tests that prove the 1mportaﬁ§ effect
that the type of fuel can have on the radlation
from the flame., The ordinate 15 the radiation
in Btu per sq ftehr from the flame alone, that
is, with a cold back wall, The shapes of the
curves for the flames of residual o1l and the
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orecsote-pitch blend are similar, reaching a
maximum st about 5 £t from the burner, Under
the method of calculation from the ray data,

the effeots of other variables are e¢liminated,
At the maximum,the radistion fram the ocreosots-
piton, which had about three times the Conradaon
carbon, six times the asphaltens content, and
sbout twice the C/H ratio of the residual oil,
was adout 20 per cent higher than that froa the
residual oil, Although, at the last point of
meAsuresent, however, at about 14 £t from the
burner, the radiation was the sams for the two
fuels, yet ths total radiation from the oreosote.
pitch blend was greatsr than that from the resi.
dual-oil flame,

Pigs, 10 and 11 shovw the radiation from flanes
of coke-oven gas alone, of coke=-oven gas sarburet.
ted with varying percentages of residual oil, and
of the creoscte-piteh dlend., The percentages of
enoh fuel are caloulated on the basis of the heat
value that sach contributes to the total., The
coks=Oven gas burned with an essentially nona
luminous flame and its radiation wvas that only
of the CO_and H O contant., Ths radlaticon ine
oreassd l&lt&ntully uniforaly along the length
of the flame as mixing and combustion progressed,

Pig. 10 shows that a sudbstantial increase
in radiation from the flame is odtained by the
addition of 20 per cent of oil and that further
incrsases in carbureting oil eontinue to ine
crease the radiation. Both Pigs.10 and 11 show
that, as compared with 100 per cent 1iquid fuel,
one third to 40 per cent of the heat value of
residual oll ~an be replaced by a weakly radia-
ting coke-oven gas sithoutr a great decreass in
radiation from the flames, With a larger fure

nace and thicker flame, the decrease in radia.
tion with a given replacement of fuel cil by gas
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would not be as great aas observed here,

Both Figs, 10 and 11 slso show that the
radiation at the last point of measurement is
not greatly different for any of ths fuels or
blends,

Pig. 12 presents data obtained in perfore
nance test No, 6 for three widely different
liquid fuels, No, 2 oll, residual oil, and arec.
sote ¢il. Although its viscosity was adbout the
same ay that of the No, 2 oll, the creosote oll
gave & substantially higher rediation than 4i4
the light petroleun oil and higher, in fact,
than did the residuzl) oil, Yet again, the close
Spproach of the values for radiation of the three
fuele 2t the tail of the flames can be seen,

Enissivities and Temperatures of Flames

Pig. 13 shows the emissivities and tempera-
tures, as derived by the Schmidt method, for
four of the flames whose radiation was showm
in Pig, 11, The teoperatures of the creosote-
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oreosote-pitch blend are similar, reaching a
maximum at about 5 ft from the burner, Under
the method of ocaloculation from the raw data,

the effectas of other variables are sliminated,
At the maximum,the radiation from the oreosote-
pitch, which had about three times the Conradson
carbon, six times the asphaltene oonteﬁt, and
about twice the C/H ratio of the residual oil,
was about 20 per cent higher than that from the
residual oi1l, Although, at the last point of
measurement, howaver, at about 14 ft from the
burner, the radiation was the same for the two
fuels, yet the total radiation from the creosote-
pitch blend was greater than that from the resi.
dual-o0il flame,

Figs, 10 and 11 show the radiation from flames
of coke-oven gas alone, of ooke-oven gas aarburet-
ted with varying percentages of residual oil, and
of the ocreosote=pitoh bdlend, The percentages of
each fuel are calculated on the basis of the heat
value that each contributes to the total, The
coke~oven gas burned with an essentlally non-
luminous flame and its radiation was that only
of the CO_ and H20 content, The radiation ine
creased substantially uniformly along the length
of the flame as mixing and combustion progressed,

Fig. 10 shows that a substantial increase
in radiation from the flame is obtained by the
addition of 20 per cent of oll and that further
increases in carbureting oll continue to in-
crease the radiation, Both Filgs.10 and 11 show
that, as compared with 100 per cent liquid fuel,
one third to 40 per cent of the heat value of
residual oll can be replaced by a weakly radla-
ting coke-oven gas without a great decrease in
radiation from the flames, With a larger fur-
nace and thicker flame, the decrease in radia-
tion with a glven replacement of fuel oll by gas
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would not be as great as observed here,

Both Figs, 10 and 11 also show that the
radiation at the last point of measurement 1is
not greatly different for any of the fuels or
blends,

Fig: 12 presents data obtained in perfor-
mance test No, 6 for three widely different
liquid fuels, No, 2 oll, residual oil, and oreos
sote o1l, Although its viscosity was about the
same as that of the No, 2 0ll, the oreosote oll
gave a substantially higher radlation than did
the light petroleum oil and higher, in fact,
than did the residual oil, Yet agaln, the oclose
approach of the values for radiation of the three
fuels at the tall of the flames can be seen,

Emissivitlies and Temperatures of Flames

Fig, 13 shows the emissivities and tempera-
tures, as derived by the Schmidt method, for
four of the flames whose radiation was shown
in Fig, 11, The temperatures of the creosote=-
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Fig., 11,
approach those for flames containing only. coa
and H,0, The temperature of the flame of the .

coke-oven gas 1s surprisingly low in the early

A8 the carbon is burned, the emissivities

L4

L3
part of the flame and 1its emissivity nurpriaingly

high for a completely nenluminous flame parti-
ocularly in the latter part of the flame, Cal=
culation, from the data of Hottel, et al, on the
emissivity of CO, and H,0, vhose contents for
the ooke-oven gas flame were 7,7 and 20,0 per
oent, respeotively, gives an emissivity of 0,21
at the final temperature of 2500 F indicated

in Fig, 13 as compared with the derived value

of 0,345 shown in the figure, If the true
temparature were actually higher, as suspected,

-

the emiasivity would be somewhat lower than
0,21,

The Sohmidt method of derivation of emissivity
and temperature of the flame 1s strictly applioable
only to gray flames and nonluminous gas flames
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pltch, residual oll, and oil-carburetted flames
were closely the same after the second position
of measurement, Their emmisivities differed
more than uid their temperatures and these dif-.
ferences irn exissivity were thus the principal
reaasons for 4iffsrences in radiatlion evident in

are not gray, This problem will undoubtedly
have further attention in the experimental re-
search at IJmuiden,

Further in regard to the temperature shown
in Fig. 13, it 1s to be realized tha‘', derived

as they were, they are avi:raged radiant tempera-
tures across the wldth of the flame, The tema
perature of the flame obviously varied across
the furnace and maximum temperatures higher than
2800 + F shown for the creocsote-pitch, for ex-
ample, occurred in the furnace,

Fig. 14 prements a curve taken from a recent
paper by Rividre (10), This curve shows the re
lation of the emissivity of the flame at Port 3,
which 18 essentially the maximum, for coke-oven
gas and four liqguid fuels to the C/i ratio of
the fuels, The data comec “rom performance tests
nos, 3 to 6, For these individual fuels, in-
cluding even the blend of crcosote and pitch,
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steam or air, The underlying reason is un-
doubtedly connected with the less rapid mixing
of the ocombustion air by the reduced momenturm of
the jet when less atomizing agent is used,

Pig, 18 presents further data on the effect
of amount of atomizing agent and on the mathod of
admission of the combustion air, Data are given
for three fuels as obtained in performance test
No, 6 and reported by Riviere (10),

The rate of supply of atomizing agent is here
expressed as the thrust on the burner, Comparison
of the two lower sets of curves at 2,2 1b and
k.4 1b of thrust, when the combustion air wus
sdmitted 2t low velocity on either side of the
furnace, a8 normally used in tae tests, shows that
the radiation from the flare of the No, 2 oil was
greally reduced over the entire lerngth of the
flame when the amount of atomizing agent was in-

creased, A5 the greater thrust, the maximun
radiation for the residual oil and creosote oil
noved towsrd the burner but the maximum was not
greatly raduced, The redistion from these fuels
was materially reduced bayond 8 ft from the
burner.

The top set of curves shows that the come
bination of high thrust and the admission *f come
tustion air through the "dog house" diructly
around the burner at high veloocity resulted in
& flame of No, 2 01l with radiating character.-
istics similar teo those shown in Pigs 10 and 11
for coxseoven gas, <The creocsote o1l was only
alightly more radiant, The residual oil still
displayed the familar peak of 6 ft from the
burner but this peak was less than half as high
as ¥ith the admission of ocombustion air at low
velooity,

The fact that the high momentum of the Jet
and the high-velocity combustion air had more
affect on the creosote oll than on the residual

12
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FIGURE 20 RADIATION JOF OIL FLANEEL WITH VARYING AMOUNTS
OF EXCESS AIR

Pertormance Test No 1

01l is of considerable interest, Under leass ex.
treme conditions of mixing as shown in the two
lovwer sets of curves and in Pig, 12, the radia.
tion of the flame of creosote oll was shown te
be nigher than that of residual oill,

Effect of Rate of Heat Input

Flg. 19 presents data on the radiation of
flames in performance test No, 2 at tuwo Adifferent
rates of heat input to the furnace, Quite as to
be expected, the radlation is greater at the
higher rate >f heat input along the entire length
of the flame although it is less marked at the
first observation port, The detalled data show
that the emissivity of the flames at the peak
of thelr radiation 4id not differ much with rates
of neat input in this test; hence, the greater
radiation at that point resuited largely from
the higher temperaturs 0f the flame as the rate
of firing was greater, In general, however,
later experiments showed that away from the peak,
as even at the peak when small rates of Leat ine
put are used, the variation of the emissivity
gccounted for a substantial part of the varlatien
in radiation,

Effect of Excess «.r

Pig. 20 shows that the radiation decreased
as the excess of air supplied for combustion ine
creased, Tne differences were not great, 58
per cent excess for the low and 70 per cent fnr
the high, 7The data are from performance test
No. 1 in whioh full c¢ontrol over inleakage ot
air into the furnace had not been obtalined as
was possible in later tests,

Relation of Radlant Characteristics of Plame to

The presentation of the results that has




been made up to this point 1n the paper nas
dealt solely with the effect of the several va.
riables on the rate of radiation and the tempere
ature and emissivity of the flame at varlous
points along the length of the flams, The ule
tinate objective of a search for knowledge on
radiation from flames must obviously go beyond
the establishment of these relations and must
include the sstablishment of an understanding of
the effect of the variables on the rate of heat
transfer to "work" in the furnace, This "work"
might be steel as 4in an open hearth, billets as
in a reheating furnace, waterafilled or oll-filled
tubes as in a steam generator or an oll still
cement in a kiln, or glass in s glass tank,

In the experimental furnace for gas and oil
at IJuuiden, the only load comprises the heat
absorbed by water~cooled ports and probves, and
the radiation from ths outer walls of the furnace,
Becaugse this load on the furnace remains sub-
stantlally constant in all tests, the inside tem-
perature of the walls furnishes a certain meaz.
sura of the rate of heat transfer to the wall,
Also, becauvse the Sshmidt method for calculation
of the emissivity of the flame requires the
neasurement f this temperature and a caleulae
tion of the radiation from the walls, the data
on wall radiation are availadble from all series

" of teste except that of performance test No., 1,

In addition, from Tests 3, 4, ard 5, data
are available for the heat absurption of the
talorimeters, or heat.flow meters, which have
been bdriefly dercribed; thus, another measura
of the heat delivered by the flame is available,

Fig, 21 presents in the top section the
radiation from the flamesa of three fuels differing
substantially in their radlant characteristics,
These have already basen shown in Fig, 11, In
the middle section iz given the data for the
radiatior. of the walls, and in the bottom section
that for the heat absorbed by the calorimeters,
The similar shape of the wall radiation and
calorimeter curves 1s evident. The values are
also of similar order, but the calorimeter values
are somewhat the greater,

Twe points are striking in a comparison of
the radiation of the flame with either of the
meagures of heat delivered to the furnace walls,
The first is that, although the flame radlation
curves differ widely for the three fuels, the
heat delivered to the walls obviously differs
much less among the fuels, The second is that,
although the peak of flame radiation occurs at
€ to 7 ft from the burners, with the liquid fuels,
thers 135 no similar peak in the rate of heat de-

ivery tc the yalle, The curves rise suba
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Performance Test No. 5

stantially uniformly along the length of the
furnace for all three fuels,

The explanation for the latter fact is
undoubtedly first that longitudinal radiation
from the flame to the walls and from the walls
in one part to the walls in other parts tends
toward uniformity of the wall tempesrature, and,
second, that the flame is a cone and not a cye
linder, Purthermore, convection undoubtedly
plays a consider@ble part in fixing the wall
temperature, Near the dburner, heat is transe
ferred from the walls to the combustion air
that enters zt <he front and flows between the
walls and the expanding Jet of flame, In the
rear part of the furnace, vhere the mixing and
combustion are nearing completion and the flame
sweeps the walls, the transfer of neat by ccna
vection from the high-temperature gases must
add materially to the transfer of heat by rad-
iation,

To arrive at some numerical measure of the
relative total rate of transfer of heat rom




the flame, the areas under the curves of radla-
tion from the flame of Fig, 21 have been mea-
sured by a planimeter, Similarly, the areas
under the curves of the radiation of the walls
and of those of the calorimeter measurements

have been measured, It is recognized that this
integration for the radiatlion of the flames ia

in error becsuse the diameter of the flames

and thus the area of each unit of length is noat
constant along the length of the {lame, However,

1k

lacking data on the contour and area of the flames,

they are all t-eated as cylinders,

The results of the integrations follow:

Radiation from flame

Ratio- Creosote-pitch = 360

Coke-0ven gas

Gas-0il - 2,88

Coke-0ven gas

Ratio_

Wall Radiation from Wall Temperatures

Ratio - Creosoteapitch = 1.24
Coke-oven gas

Ratio = Gas~0il

Coke~oven gas

= 1,19

Wall Radiation from Calorimeters

Ratio - Creosote-pitch = 1,23

Coke-oven gas

Ratio - Gas-0il

Coke-oven gas

= 1,17

These calculations show that, whereas the
flgme-radiation data indicale that the creosotes
piteh and gas-0ll flames had potential radiating
powers 3,6 and a,88 times, respectively, that
of the coke-oven gas flame, the data on the heat
absorbed at the walls indicate that with the
creosote-pitch and oilegas flames this was only
24 to 19 per cent more than that with the coke-
oven gas flame, This calculation does not, it

1s again emphasized, allow for the difference
in area of the flame along the length of the

furnace, However, 1t does suggest that cone

vection must have played an important part in
the tranafer of heat in the furnace,

Although these integrations have been
carried out only on these three flames, ine-
spection of all the published data from the
TImuiden tests clearly indicates that although
an increase in measured radiation fiom the flames
1s always reflected in an increased transfer to
the wvalls, the increase to the walls 1s less than
proportional to that from the flames,

The conclusion to be drawn from these come
parisons is that, because a given increase in
radiation of the flame does not give a correa
sponding increase in the transfer to the Ywork,"
further research on all the factors affecting
both radiation and convection In furnaces is
of great importance, Also, these results em-
phasize the important contribution that will be
made to the knowledge of heat transfer by radi~
ation when "work™ in the form of water tubes or
other matsrizls is placed in the IJmulden fure
nace to obtain definite and unquestioned in-
formation on the useful rate of heat transfer
in various parts of the furnace,

Effect of Preheating Combustion Air

The statistical analysis of the data from
performance test No, 7 has not yet been com-
pleted, Riviere has presented, however, the

highlights of the effects of the four variables
studied in this test series, Because the pre-

heat of the air for combustion was the varilable
studied in this series that had not been pre-
viously investigated, the following relevant
conglusions are quoted from Rivikre's paper {10},

"An increase in the temperature of the com-
bustion air from 212 F to 1200 F changed only
slightly the initlal conditions of mixing of
the fuel and air, but slowed up the mixing at
the end of the flame, The result was an increase
of about 10 per cent in the distance required to
obtain a stoichiometric mixture,

"Por residual-oil flames, the change in the
temperature of the alr modified neither the con~
tent of carbon particles in the flame nor the
total emissivity of the flame, In con'.rast, the
emissivity of the cokeeoven gas flames decreased
by five to ten per cent when the air temperature
was increased,

“The temperatures of the flames and of the
walls were the two dependent variables the most
greatly influenced by the increase in the tem-
perature of ithe combustlion air, Thus, the tem-
perature of the gas on the axis of the flame was
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increased on the average 260 F with an increase
of 990 F in the temperature of the air.,"

Combustione.Mechanism Tests

As previously stated, the purpose of the
gombustion-mechanism tests had been to study the
process of mixing in the flare, the process of
combustion, with particular reference tc the
contant of free carbon in the gas, and to relate
these data to the temperature, the radiation,
ond the emissivity of the flames, In the first
series of tests, the difficult procedure for
the quantitative determination of the carbon in
the gas was not completely successfully developed
but it was for the second series, No attempt will
be made in this paper to summarize the results
of these two teats, HReferences ll and 12 give
analyses of the principal findings,

SUMMARY

The 1Bternational coeoperavion in industrial
research on heat transfer by radiation from flames
that is being carried out dy the International
Plame Research Poundation at IJmuider. and at
cooperating laboratories has produced and is pro-
ducing much valuable information on an incompletely
understood subject. The present Daper has touched
on the highlighte of the methods of research and
the instrumentation that has been developed. The
effecte of the characteristios of the fuels used,
the types of burners, the rate of firing, the type
of atomizing agent, the method of mixing of come
bustion air, the amount of excess air, and the
temperature of the combustion air have been
touched upon, The need for further information
on the relation between the radiating power of
flames and the heat transferred to the work has
been emphasized, It is hoped that an interest
has been stimulated in the readers to study the
detalled reports and to follow the future work,
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